\ 


T 


Copy Nc. l ^ ' 


NASA PROGRAM APOLLO WORKING PAPER NO. 1173 


STUDY OF LEM ABORT TRANSFER TRAJECTORIES 




r 

\ 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
MANNED SPACECRAFT CENTER 


m 


HOUSTON, TEXAS 
May 31, 1965 


MSA PROGRAM APOLLO WORKING PAPER NO. 1175 


STUDY OP LEM ABORT TRANSFER TRAJECTORIES 


Prepared by; 


Amelia J. Casey fl 
AST, Theoretical Mechanics Branch 


T PauY/J. Stull 
AST, Theoretical Mechanics Branch 


Authorised for Distribution: 


£/■ Maxine A^^geV f 

Assistant Director for Engineer!^ and Developnent 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
MANNED SPACECRAFT CENTER 
HOUSTON, TEXAS 

May 51, 1965 





preceding page blank not filmed. 

iii 

CONTENTS 

Section Page 

SUMMARY ...... 1 

INTRODUCTION 1 

STATEMENT OP PROBLEM , . 2 

Hohmann Descent Transfer Phase 2 

Powered Descent Phase .... 2 

Surface Phase 3 

SCOPE OP CALCULATIONS 5 

RESULTS k 

Abort Transfers — Hohmann Descent . ^ 

Abort Transfers — Powered Descent ............... 5 

Abort Transfers — Surface Aborts 6 

CONCLUDING REMARKS 7 

REFERENCE 7 

TABLE I.« RANGE ANGIES, PLIGHT TIMES, AND T/W OF REFERENCE 
TRAJECTORIES 0 3 


4 



jv 


FIGURES 


Figure 

1 Nominal LEW mission 

2 Abort phases 

5 Reference powered descent and powered abort 

trajectories ..... . 

4 Variation of AV^, AVg, and AV^ with time of abort 

from Hohtnann descent (pericynthion at .97 hr) . . . . . 

5 Variation of pericynthion altitude with time of abort 

from Hohnann descent ................. 

6 Variation of rendezvous time and transfer angle with time 

of abort from Kohraann descent 

7 Variation of total AV with time of abort for quick 

rendezvous from Hohmann descent ... 

8 Variations of AV^ and AVg with time of abort off 

powered descent 

9 Variation of rendezvous time and transfer angle with time 

of abort off powered descent . 

10 Variation of time to rendezvous with time after nominal 

launch for surface aborts ...... 

11 Variation of 9 and time to rendezvous with phase 

angle for surface aborts . , 

12 Variation of AV^, AVg, and AV^ with phase angle for 

surface aborts ......... 

Summary profile of LEM abort transfer trajectory 

characteristics 


Page 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 


13 


21 


STUDY OF LEM ABORT TRANSFER TRAJECTORIES 
By Amelia J. Casey and Paul J. Stull 


SUMMARY 
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The results of an investigation of the orbital transfer character- 
istics for LEM aborts from the Hohwann descent transfer and from circular 
parking orbits attained after aborting from the powered descent and from 
the lunar surface are presented. The variation of the required charac- 
teristic velocity and the time required to complete rendezvous indicates 
that the present allowances of 500 to 600 fps and 10. 5 hours contingency 
time are sufficient for most abort situations. The exception applies to 
those aborts from the lunar surface initiated between 1.0 and 2.1 hours 
after the time for a nominal launch. Aborts during this period may not 
be completed autonomously by the LEM, but require phasing maneuvers by 
the CSM. 


INTRODUCTION 


At any time after LEM separation frcm the CSM a mission abort may 
be necessary due to seme system failure, for example, life support, de- 
scent propulsion, or prime guidance systems. The trajectories necessi- 
tated by these aborts are generally divided into two parts: (l) subor- 

bital powered flight, and (2) orbital transfer or coasting flight to 
intercept and rendezvous with the CSM. These two flight regions are 
concerned with different operational parameters and hence require sep- 
arate investigations. It is the purpose of this report to determine 
only the family of orbital transfer trajectories for LEM aborts during 
all phases of the landing mission. 

In this abort trajectory study calculations are based on the two- 
impulse conic equations. The trajectories are constrained to have a 
clear pericynthion altitude of 50 000 feet, a time to rendezvous of 
less than 10. 5 hours, and velocity (fuel) requirements within the 
LEM AV budget. Transfer trajectories for aborts off the Kohmann de- 
scent transfer, powered descent, and surface are investigated. 
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STATEMENT OF PROBLEM 


A sketch of the nominal LEM mission is shown in figure 1. The CSM 
and LEM are initially in a circular parking orbit at oo nautical miles 
above the lunar surface. From this orbit, the LEM is separated from 
the CSM and injected into a Hohmann descent transfer to a pericynthion 
altitude of 50 000 feet. At this point, the powered descent to tlie 
lunar surface is begun by the LEM. After completing the lunar surface 
mission, the LEM is launched to 50 000 feet in the plane of the orbit- 
ing CSM. The launch is terminated with conditions required to insert 
into a Hohmann ascent transfer to rendezvous with the CSM in the park- 
ing orbit. 

Assuming an abort decision is necessary any time after LEM separa- 
tion, there are three possible phases in the nominal mission during 
which the LEI'? can inject into an abort trajectory. These phases are: 
(l) the Hohmann (coasting) descent transfer, (2) powered descent to the 
lunar surface, and (3) the lunar surface. 


Hohmann Descent Transfer Phase 

Figure 2 (a) illustrates an abort trajectory from the Hohmann de- 
scent phase. Due to the abundance of propulsion (i.e. , descent and as- 
cent propulsion) available for an abort during this part of the mission, 
many types of abort trajectories could be investigated. The two extreme 
abort trajectories are considered herein: (l) minimum AV abort trans- 

fer, and (2) high AV or quick- time aborts. The first type is required 
for minimum fuel reference purposes and also indicates aborts that could 
be performed by the low thrust reaction control system (RCS) if main 
engine failures necessitate the abort. The quick-time abort illustrates 
the type of aborts available using the propulsion of either or both the 
ascent and descent engine. For example, such trajectories may be neces- 
sary in the event of a life support system malfunction during this first- 
sustained manned operation of the LEM. 


Powered Descent Phase 

An abort from the powered descent phase is illustrated in fig- 
ure 2 (b). First, a continuous powered abort flight back to a circular 
orbit at 30 000 feet altitude must be performed. At this point, the 
LEM is inserted into an abort transfer trajectory that will intercept 
the CSM. It is not the purpose of this report to investigate the sub- 
urbital phase of this abort, but rather to investigate the transfer 
phase. Reference powered abort trajectories used for suborbital flight 
are defined in the section on scope of calculations. 
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Surface Phase 

A surface abort Is defined as an anytime launch situation. That 
is, the GSM may not be at a favorable position for economical (fuel or 
time) LEM launch to perform intercept and rendezvous. Hence, as illus- 
trated in figure 2 (c), this abort is accomplished in three parts; 
launch to a parking or phasing orbit, coast in phasing orbit for favor- 
able transfer conditions, and finally, transfer to intercept and ren- 
dezvous. Again, a standard or reference suborbital powered launch 
trajectory is assumed. 


SCOPE OF CALCULATIONS 


For this study, the circular parking orbit of the Apollo vehicle is 
the nominal 80-nautical-miles orbit. It is assumed that the LEM lands 
in the plane of the CSM orbit and, therefore, the aborts off the R'ohmann 
descent transfer and powered descent are planar trajectories. However, 

1 ° 

due to surface rotation, surface aborts may be initiated up to — out 

of the plane of the orbiting CSM and still be consistent with the LEM 
design AV budget. 

All the AVs for the abort transfers are Impulsive and are cal- 
culated by solving Lambert's problem for the conic trajectory given a 
transfer time and an initial and final radius. A AV of around 6 00 fps 
is allowed for aborts off the powered descent prior to phasing for nom- 
inal launch conditions. For aborts off the powered descent occurring 
after this phasing, as well as aborts from the surface, a AV of 400 fps 
is allowed. 

Out-of-plane corrections are assumed to be performed at a node be- 
tween the CSM orbit plane and the LEM transfer orbit plane. An addi- 
tional AV of 48 fps is considered to be conservative for this correc- 
tion. 


All aborts must have a clear pericynthion of 50 000 feet for safety, 
with the exception of the quick time aborts, for which only an Initial 
positive flight path angle need be assumed. The clear pericynthion 
trajectories are found by Iterating on transfer time. The quick-time 
aborts are limited to transfer times from 400 to 1200 seconds since 
times shorter than this would require a continuous powered flight anal- 
ysis (as opposed to impulsive). 

Initial conditions for the orbital flights are established from 
typical suborbital trajectories exemplified in figure 3 by the altitude 
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time histories for the powered landing and aborts off this landing. 

The range angles and flight times for these suborbital trajectories are 
given in table I. 

The reference descent is terminated at 1000 feet. Two minutes of 
translation and hover time are allowed from this point to the surface. 
Aborts during this two-minute phase are considered to be the same as 
surface aborts . 

For surface aborts, the time to rendezvous (time in phasing orbit 
plus transfer time) is assumed to be limited to a 10.5-hour contingency- 
time which is consistent with current LEM life support systems and power 
system design. 


ESSULTS 


Presented here are the characteristics of the families of orbital 
transfer trajectories for aborts from the three phases of the LEM. mis- 
sion. These characteristics are AV to give an indication of fuel, 
pericynthion altitude for safety, and total time for life support system 
design. 


Abort Transfers - Hohmann Descent 

Two types of transfers are analyzed for aborts from the Hohmann 
descent j namely, minimum AV aborts and <iuiclc-time aborts. 

The injection velocity AV^ and the rendezvous velocity AVg 

of the minimum AV abort trajectories off the Hohmann descent transfer 
are shown In figure 4 as a function of the time from LEM/CSM separation. 
The time from LEM separation to initiation of the powered descent 
(pericynthion) is only 0. 97 hour or 3484 seconds. However, to investi- 
gate the effect of continued coast in the Hohmann transfer orbit beyond 
pericynthion, separation times up to 2.1 hours are shown. This type of 
transfer can be made if time is not critical. The results indicate that 
the AV for aborting increases to 480 fps (at pericynthion) j however, 
by coasting beyond pericynthion for another 0, 97 hours (apocynthion) 
the AV for aborting is reduced to 270 fps. - 

The pericynthion altitude, hp, for these transfers is always 
greater than or equal to 50 000 feet as depicted in figure 5> thus ad- 
hering to the clear pericynthion requirement for safety. 
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The total time of the abort transfer T and the transfer angle 9 
of the minimum AV abort transfers are presented in figure 6 as a func- 
tlon of the time from separation (time of abort). The time to rendez- 
vous is never greater than 2.8 hours, while 9 varies from 150 ° to 
350 ®. The discontinuity around 270 seconds is due to the fact that two 
"minimum" AV aborts occur — one with a 9 > l80° and the other with 
a 9 < 180°. One of these is a "local minimum", whereas the other is 
an "absolute minimum". At the 780-second abort time, it happens that 
the transfer angles of the local and absolute minimum transfers are 
switching positions (9 > 180® to 9 < 180®). Although the AV pen- 
alty is less than 1 fps between the local and absolute minimums, the 
absolute is plotted in each instance, that is, absolute within the per- 
icynthion restrictions imposed. 

The results of the quick-time aborbo (transfer times from 4 00 to 
1200 sec) are depicted in figure 7. The AV^ for each transfer time 

is varied with the time of abort. There are no pericynthlon restric- 
tions on these aborts. The AV^ is shown to be as large as 6000 fps 

for these impulsive transfers. While it is realized that AV's of 
this magnitude cannot be input impulsively, the results do indicate the 
order of magnitude of the AV^ required for specified quick-time aborts. 

Also, since the AV design limits for the descent (AV » 7400 fps) and 
ascent (AV = 6600 fps) stages are each greater than the AV^ required, 

then only one of these engines would be required for the quick-time 
aborts. 


Abort Transfers — Powered Descent 

The orbital transfers off the powered descent are initialized from 
the suborbltal reference trajectories presented in table I. The AV^ 

and AVg for the coasting transfers for aborts during powered descent 

are shown as a function of time of abort from the beginning of the 
powered descent (50 000- foot altitude). The total velocity required 
(AV^ + AVg) decreases as the LEM descent trajectory approaches the 

surface. In fact, the abort transfer becomes a Hohmann transfer (same 
as nominal launch trajectory) for an abort at the 1700-foot altitude 
point. Aborts below this point are considered to be the same aB the 
surface aborts to be discussed in the next section. 

The transfer angle 9 and the transfer time T for aborts off 
the powered descent are presented in figure 9 as a function of the abort 
time. The transfer angle is shown to vary from 178® to 268 ® while T 

ranges from 1 hour to 1- hours. 


Abort Transfers - Surface Aborts 


All transfers for surface aborts are referenced to conditions at 
burnout of nominal launch (50 000 ft). It should be noted that this 
does not correspond to conditions that exist immediately upon touchdown. 
It does, however, correspond to conditions for an abort from the 
1700-foot altitude point in the descent trajectory? hence, aborts during 

this last minutes of the descent are Identical to aborts for the 
1 ^ 

first 2g minutes after nominal launch. A plot of variation of the time 

to rendezvous (time in phasing orbit plus Hohmann transfer time) -with 
time after nominal launch is shown in figure 10. The time to rendez- 
vous varies linearly from .97 hour to 10. 5 hours (contingency limit) 
for the fi ■’st 62 minutes of surface stay time. Since the period of the 
CSM is approximately 2.1 hours, it is obvious then that it will be about 
another 1. 1 hours until the CSM position is again correct for a nominal 
launch to Hohmann transfer conditions. The results shown in figure 10 
are not necessarily the best for time considerations. In fact, after 
IO.75 minutes stay time, the rendezvous time would be less if the LEM 
waited for the second pass of the CSM over the landing site and per- 
formed an immediate launch to Hohmann transfer conditions. After this 
point, the time in the phasing orbit is greater than the remainder of 
the CSM period. However, if the LEM had to leave the lunar surface, 
Hohmann phasing conditions could be obtained by waiting in the phasing 
orbit as shown in figure 10, although the rendezvous time would be 
greater. 

Aborts af-.er 1 hour stay time and before 2.1 hours stay time re- 
quire phasing maneuvers by the CSM as well as the LEM, as discussed in 
reference 1. However, 4.5 minutes prior to the 2.1-hour stay time, the 
LEM could abort and perform an intercept transfer other than a Hohmann 
transfer. In this case, the phase angle at the end of the powered 
launch would be less than the phase angle necessary for a Hohmann trans- 
fer, and since the LEM orbital velocity is greater than that of the CSM, 
Hohmann phasing conditions could not be obtained within the contingency 
time by waiting in the phasing orbit, therefore necessitating another 
type of transfer. Figure 11 shows the transfer angle and rendezvous 
time as a function of phase angle for these transfers. The variation 
of AV 1 , AV 2 , and AV^ with phase angles is shown in figure 12. The se 

are planar transfer requirements (see Scope of Calculations for out-of- 
plane consideration). The AV^ varies from Hohmann Impulse of 198 fps 

to 503 fps (near maximum AV available for perfect launch). After this 
time the AV^ becomes prohibitive and CSM phasing maneuvers became 

necessary. It is to be noted that the abort problem from the lunar sur- 
face is of a cyclic nature and the results in figures 10, 11, and 12 
will recur at the completion of each CSM orbit. 
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A summarization of aborts during all 5 phases of the LEM mission is 
shown in figure 1J. Although the chart is terminated at 4.5 hours after 
the LEM is separated from the CSM, aborts beyond this time are repre- 
sented by the cyclic pattern occurring between 2.2 and 4.2 hours. The 
length of this period corresponds to the orbital period of the CSM. 

This plot depicts only one such period, but the pattern may be repeated 
for the lifetime of the LEM. 

There is a discontinuity in the total AV curve at .97 hour, 
that is, the initiation of the powered descent. A AV of 100 fps must 
be added since aborts from the powered descent terminate at circular 
orbital conditions, and all other aborts are off the Hohmann descent. 



CONCLUDING REMARKS 


The results of an investigation of the orbital transfer character- 
istics for LEM aborts from the Hohmann descent transfer and from cir- 
cular parking orbits attained after aborting from the powered descent 
and from the lunar surface h^ve been presented. The variation of the 
required characteristic velocity and the time required to complete 
rendezvous indicate that the present allowances of 500 to 600 fps and 
10.5 hours contingency time are sufficient for most abort situations. 
The exception applies to those aborts from the lunar surface initiated 
between 1.0 and 2.1 hours after the time for a nominal launch. Aborts 
during this period may not be completed autonomously by the LEM, but 
require phasing maneuvers by the CSM. 
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n.tfc 

^5.1 

Abort 37 sec after start 
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of powered descent** 
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(r ) Abort fro* Hoh*eim descent 



Abort transfer 
C&’ orbit 

Hohnann descent 

Rendezvous 
Abort initiation 
Powered descent 

Injection into abort transfer 
Powered abort 


(b) Abort fro* powered descent 



Rendezvous 
CSM orbit 

Paxicing orbit 
Powered abort launch 
Injection into Hohnezm transfer 
Abort tinnefer 


(c) Abort fro* surface 


Figure 2,- Abort phases. 




Figure Beference powered descent and powered abort- trajectories. 
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figure 7.~ Variation of total AV vith time of atort for quick rendezvous from Hohmann descent. 
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Figure 11.- Variation of 6 an*_ time to rendezvous with phase angle for surface aborts. 
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